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Benefits of demand-side response in
providing frequency response service
in the future GB power system
Fei Teng*, Marko Aunedi, Danny Pudjianto and Goran Strbac
Department of Electrical and Electronic Engineering, Imperial College London, London, UK
The demand for ancillary service is expected to increase significantly in the future Great
Britain (GB) electricity system due to high penetration of wind. In particular, the need for
frequency response, required to deal with sudden frequency drops following a loss of
generator, will increase because of the limited inertia capability of wind plants. This paper
quantifies the requirements for primary frequency response and analyses the benefits
of frequency response provision from demand-side response (DSR). The results show
dramatic changes in frequency response requirements driven by high penetration of wind.
Case studies carried out by using an advanced stochastic generation scheduling model
suggest that the provision of frequency response from DSR could greatly reduce the
system operation cost, wind curtailment, and carbon emissions in the future GB system
characterized by high penetration of wind. Furthermore, the results demonstrate that the
benefit of DSR shows significant diurnal and seasonal variation, whereas an even more
rapid (instant) delivery of frequency response fromDSR could provide significant additional
value. Our studies also indicate that the competing technologies to DSR, namely battery
storage, and more flexible generation could potentially reduce its value by up to 35%, still
leaving significant room to deploy DSR as frequency response provider.
Keywords: demand-side response, wind generation, frequency response, stochastic generation scheduling, inertia
Introduction
The future electricity system of Great Britain (GB) is facing significant challenges as the penetration
of renewable energy (wind in particular) continues to increase to meet ambitious carbon reduc-
tion targets. Efficient real-time demand-supply balancing in systems with high share of variable
generation and inflexible low-carbon generation technologies will become a major challenge.
This problem will be primarily driven by the increased need for various reserve and frequency
response services to deal with wind output uncertainty and reduced system inertia. Tradition-
ally, these services have been supplied by part-loaded or fast-start conventional plants. Due to
dynamic constraints, provision of real-time balancing services by conventional plants is inevitably
accompanied with delivery of energy since a synchronized generator has to produce output at
least at the minimum-stable-generation level. The energy production associated with the pro-
vision of balancing services may therefore lead to significant curtailment of wind output dur-
ing low-demand periods combined with high wind output. If the generation side remains the
only source to meet the increased need for ancillary services, this will not only reduce the
efficiency of system operation but may also limit the ability of the system to integrate wind
generation.
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Therefore, the increased requirements for balancing services
may need to be met by other sources, e.g., energy storage and
demand-side response (DSR). The major benefits and challenges
of demand-side management in the UK electricity system were
discussed in Strbac (2008). The key benefits include reduction
of generation margin, improvement of transmission grid, and
distribution network investment and operational efficiency, as
well as better management of demand–supply balance in systems
with intermittent renewables. Tan and Kirschen (2006) andWang
et al. (2003) investigated the value of DSR providing reserve in
joint energy/reserve markets. In addition, the impact of the DSR’s
load recovery effect is investigated in Karangelos and Bouffard
(2012). The possibility for DSR to provide frequency response was
discussed, simulated, and tested in Lu and Hammerstrom (2006).
In order to enable efficient DSR control, the concept of decen-
tralized control was discussed in Samarakoon et al. (2012) and
Rautiainen et al. (2009) for a portfolio of flexible domestic loads.
Moreover, a decentralized stochastic approach was proposed in
Angeli and Kountouriotis (2012) to control refrigerators in order
to provide frequency response.
Previous research has shown that DSR can be applied to
respond to sudden power plant outages, and thus reduce the cost
of reserve power required to deal with such events in GB power
system. Short et al. (2007) demonstrated the concept and applica-
bility of DSR in the provision of frequency response and provided
a rough estimate of its potential economic values. The benefit
of DSR for economic and environmental performance of the
electricity system has also been estimated in Aunedi et al. (2013),
by simulating annual system operation while taking into account
of reserve and response requirements. However, the above studies
do not consider the impact of reduced system inertia on the
frequency response requirements in the future system with high
penetration of wind generation.
Some DSR technologies are capable of instantly delivering
frequency response, rather than delivering response gradually
like conventional generation plants. For example, Douglass et al.
(2013) demonstrate that water treatment plants are capable of
instantly reducing their power consumption if the system fre-
quency deviation reaches a certain frequency threshold. At the
same time, the results in Teng et al. (2015) suggest that faster
delivery of frequency response could significantly reduce the sys-
tem operation cost and wind curtailment. Hence, treating the
frequency response from such fast-responding DSR technologies
in the same manner as that from conventional plants would
underestimate its benefits. Therefore, this paper also models the
instant delivery of frequency response from DSR, so that the
maximum range of the benefits of frequency response provision
from DSR can be quantified.
In order to study the impact of DSR providing frequency
response, this paper introduces an advanced stochastic unit com-
ment model that considers inertia-dependent frequency response
requirements. The model is first applied to quantify the needs
and the volume of the market for frequency response services and
then analyze the system benefits of DSR in providing frequency
response services in the future GB low-carbon electricity system.
This paper focuses on the overall market volume and benefits
of DSR in providing frequency response services. Therefore, no
particular DSR technology is targeted; a generic model of DSR is
implemented instead.
Inertia-Dependent Frequency Response
Requirements in the Future GB System
The need for frequency response services, required to deal with
sudden frequency drops following a loss of large generating plant,
will increase in future low-carbon GB electricity system. One
reason is that wind generation typically does not provide inertia
to the system, leading to more rapid frequency drops following a
system disturbance. Another driver for increased fast frequency
regulation requirements is the expected increase in the size of the
largest foreseeable supply loss, both due to larger size of future
nuclear generators, as well as the result of expanded interconnec-
tion capacity to neighboring countries. This section hence focuses
on quantifying the requirements for fast (i.e., primary) frequency
response in future GB system.
Overview of Frequency Response
Requirements in the GB System
An overriding factor in the operation of power systems is the
need to maintain system security, i.e., to supply customers with
electricity while meeting the quality of supply requirements at all
times. In this context, the balance between demand and genera-
tionmust be automatically and continually maintained in order to
keep the system frequency within a narrow range around nominal
system frequency. The UK Grid Code requires the system fre-
quency to bemaintained at1% of the nominal system frequency
(50Hz), except in exceptional circumstances. The responsibility
of the system operator is to procure ancillary services to meet
this requirement to ensure that the system can withstand the
largest credible generator outage (currently 1,320MW).Adetailed
overview of frequency regulation services in the UK can be found
in National Grid (2015) and Erinmez et al. (1999).
The frequency containment operational policy currently
adopted by the system operator is based on the following
requirements:
 under normal operating conditions, the frequency change
needs to be maintained within 0.2Hz of the nominal system
frequency;
 for a sudden generation loss or demand changes up to 300MW,
the maximum frequency changes will be limited to 0.2Hz of
the nominal system frequency;
 for a sudden generation loss or demand changes within the
interval from 300 to 1,000MW, the maximum frequency
changes will be limited to 0.5Hz of the nominal system
frequency;
 for a sudden generation loss between 1,000 and 1,320MW, the
maximum frequency changes will be limited to  0.8Hz with
frequency restored to 49.5Hz within 1min.
For any loss larger than 1,320MW, the eventwill be treated as an
emergency condition, and automatic low frequency load shedding
will start at 48.8Hz. In the event of frequency falling below 47Hz,
protection system will act and disconnect generators.
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System operator utilizes a range of ancillary services (National
Grid, 2015) that operate over different time scales in order to
manage the system frequency effectively. Two types of frequency
regulation services are used in the GB to deal with sudden loss of
generation:
Primary response is defined as the automatic increase in output or
decrease in demand, in response to a fall in frequency that occurs
in the period 0–10 s from the time of the frequency fall and is
sustained for a further 20 s. Primary response has the purpose of
arresting the frequency fall, following a loss of generation, until
secondary response becomes available. The primary response
requirement is defined as the response 10 s after the loss of
generation that would result in a frequency drop of  0.5 or
 0.8Hz for a significant event.
Secondary response is defined as the automatic increase in output
or decrease in demand in response to frequency fall that is fully
available 30 s from the time of the frequency fall, and is sustained
at least for further 30min. The objective of secondary response
is to contain and partially recover the frequency after the fall has
been arrested.
The present requirements for frequency response services are
represented in the form of curves that specify the necessary
response for a given demand level and size of generation loss.
Details of the approach of deriving these curves can be found in
Pearmine et al. (2006).
Inertia-Dependent Frequency Response
Requirements in Future GB Systems
Given that high penetration of wind generation will reduce the
output of conventional generation and therefore also reduce the
number of synchronized conventional plants, the aggregated sys-
tem inertia provided by rotating mass will decrease, requiring
increased demand for frequency response to ensure adequate
system performance in terms of maintaining the frequency within
the statutory limits. This sub-section presents the modeling of
system frequency fluctuations following a large generator outage
and quantifies the requirements for frequency response services
(Teng et al., 2015).
The time evolution of system frequency deviation can be
described by a first-order ordinary differential equation (ODE)
(Kundur, 1994):
2H@Δf (t)
@t + D  P
D  Δf (t) =
X
g,s2G,S
ΔPg,s (t)  ΔPL (1)
where Δf (t) is the frequency deviation,H (MW/Hz) is the system
inertia, D (%/Hz) represents the load damping rate, PD (MW) is
the load level, and ΔPg,s (MW) describes the additional power
provided by the generator, g, or storage, s, following the generation
loss ΔP1L [MW].
The aim of frequency control is to contain the dynamic vari-
ations of frequency (e.g., after a generator outage) within cer-
tain security thresholds. The GB Security and Quality of Supply
Standard (GB-SQSS) (National Grid, 2014) specifies the limits
of frequency deviation for secured faults. As shown in Figure 1,
the differential equation (1) is used to quantify three specific
FIGURE 1 | System frequency evolution after a contingency (National
Grid).
thresholds relevant for frequency response provision, which are
then integrated into the stochastic unit commitment (SUC)model
through considering appropriate constraints associated with these
thresholds.
Rate of Change of Frequency
During a frequency disturbance event, such as the one illus-
trated in Figure 1, the largest magnitude of (negative) rate of
change of frequency (RoCoF) is achieved immediately following
the generation loss, when ΔPg,s(t) and Δf (t) are effectively equal
to zero. According to eq. (1), this value is equal to ΔPL/2H. The
maximum RoCoF encountered during an outage event is hence
directly proportional to the size of the generation loss ΔPL, and
inversely proportional to the system inertia H. This suggests that
the minimum acceptable level of system inertia needed to satisfy
themaximum allowed RoCoF is equal to ΔPL/2RoCoFmax. There-
fore, the required minimum level of inertia can be formulated as
the following constraint:
H =
PGconv
g=1 HgPmaxg N
up
g (n)
f0

 ΔPL2RoCoFmax
 (2)
where f 0 is the nominal frequency and Hg, Pmaxg , and Nupg (n) are
the inertia constant, installed capacity, and the number of online
generators in group g, respectively.
Frequency at Nadir
The nadir is defined as the point where the system frequency
achieves its minimum value during the transient disturbance
event. The lowest point reached by system frequency will depend
on the level of system inertia and the speed at which the generators
are able to ramp up their output. In the following, we assume that
the pre-contingency frequency was at the nominal level. It is also
assumed that the total output of conventional generators provid-
ing frequency regulation increases at a constant rate g (expressed
in megawatt per second) following the onset of the loss event, i.e.,
ΔPm(t)= g*t. The solution of equation (1) is then:
Δf (t) =
 ΔPL
D  PD +
2g H
(D  PD)2



e 
D*PD
2H t   1

+
gt
D  PD (3)
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The time t* when the frequency deviation Δf reaches its nadir
can be calculated by setting, @Δf(t)@t = 0:
t* =   2HD  PD log

2g H
ΔPL  D  PD + 2g H

(4)
The value of maximum frequency deviation at nadir can be
found by substituting eq. (4) into (3):
Δfnadir = Δf

t*

=   ΔPLD  PD  
2g H
(D  PD)2 log
2g H
D  PD  ΔPL + 2g H

 Δfmin (5)
The maximum frequency deviation, Δf nadir, should not exceed
the predefined threshold Δfmin (e.g.,  0.8Hz in Figure 1). Rear-
ranging eq. (5) gives:
2g H  log

2g H
D  PD  ΔPL + 2g H

  

D  PD
2
Δfmin   D  PD  ΔPL (6)
The left-hand side of inequality (eq. 6) is a monotonically
decreasing function of the product g*H. Therefore, for any given
demand level PD and outage ΔPL, there exists a unique value of
g*H, denoted by k*, such that the two sides of (eq. 6) become equal.
The nadir constraint can therefore be formulated as g*H k*.
The maximum delivery time for primary frequency response
in the GB system is currently set at 10 s. Therefore, the system
response requirement can be expressed asR= 10*g (assuming that
g is expressed in megawatt per second), and the contribution at
time t, which is <10 s will be proportionally lower.
The nadir constraint can then be formulated as a bilinear
constraint:
H  R10  k
* (7)
where k* is the unique solution from
2k*log

2k*
D  PD  ΔPL + 2k*

= 

D  PD
2
Δfmin D PD  ΔPL
(8)
Frequency at Quasi-Steady-State
The steady-state condition depends essentially on the amount of
frequency response provided by generators by the time ts (corre-
sponding to the time window relevant for delivering secondary
frequency response). For instance, according to the current oper-
ating practices, it is required that the frequency should not drop
below the steady-state threshold of 49.5Hz for more than 60 s. We
denote the maximum allowed steady-state frequency deviation
with Δfssmin. For a given size of a generation loss of ΔPL, the steady-
state frequency deviation can be found by assuming that RoCoF
is effectively zero in eq. (1), i.e., that the frequency has reached a
constant level:
Δf ss = R  ΔPLD  Δf
ss
min (9)
This allows quantifying the required response to satisfy the
quasi-steady-state frequency criterion as:
R  ΔPL + D Δf ssmin (10)
Frequency Response Requirements in the
Future GB System
The requirements for frequency response services in the futureGB
electricity system characterized by high penetration of low-carbon
generation technologies (such as nuclear or wind) are likely to
increase significantly. The following factors are seen as critical for
this increase:
 reduced system inertia due to increased output of wind and
reduced output of conventional generators;
 increased size of the largest foreseeable generator loss due to
larger expected size of future nuclear generators;
 expanded interconnection capacity with neighboring electricity
systems.
As part of the plans for expanding future nuclear power, larger
unit sizes are being considered than today, so that the largest
capacity of a single unit could increase to 1.8GW once new
nuclear units are added to the system in the future. In that
context, assuming the individual generator inertia constant of
Hi = 4.5s2, and the identical generator unit sizes, the minimum
synchronized conventional capacity required to satisfy a given
RoCoF limit is calculated and presented in Figure 2 for two
levels of generation loss: 1.2GW (representing today’s system)
and 1.8GW (relevant for the future system characterized by larger
generating units).
Figure 2 suggests that the requirement for synchronized gen-
eration capacity may become much higher for a larger size of
generation loss, especially for relatively lowRoCoF limits. In order
to ensure that distributed generation (DG) stays connected fol-
lowing an outage of large generating unit in the future GB system,
resetting the island mode protection relays of DG is currently
considered, which would allow higher levels of RoCoF to be toler-
ated, therefore making the system less prone to causing cascading
outages. The current minimum recommended RoCoF setting is
0.125Hz/s, which applies to the currently installed DG capacity
of around 9GW. The new proposal recommends modifying the
Distribution Code and Engineering Recommendation G59, so
that the RoCoF protection settings should be changed to 1Hz/s
FIGURE 2 |Minimum synchronized capacity requirement for different
RoCoF limits.
Frontiers in Energy Research | www.frontiersin.org August 2015 | Volume 3 | Article 364
Teng et al. Benefits of DSR providing FR
at new and existing DGs with the capacity of 5MW and above
(National Grid, 2013). Other technologies, including some DSR
and storage technologies equipped with adequate control, could
potentially deliver frequency response in a very fast fashion and
thus limit the speed of change of grid frequency.
Using the same expression for system inertia as in eq. (2) and
assuming that Hi = 4.5s, the system requirement for frequency
response to ensure security during transient state can be cal-
culated for various levels of demand, as well as for different
levels of absorbed wind generation (as presented in Figure 3),
assuming that wind generators do not contribute to system iner-
tia. Transient-state-driven primary frequency response require-
ment in the future system could reach significantly higher values
than those encountered in today’s operation, particularly in con-
ditions when low demand coincides with high wind output.
Meeting these increased response requirements with a lower
number of synchronized conventional generations may become
challenging.
In the present GB system, the amount of frequency response
requirements is based on the demand level, which is primarily
driven by the quasi-steady-state frequency threshold. However,
the increased rating of the largest plant and the growing pene-
tration of wind generation will make constraints associated with
transient frequency evolution significantly more relevant. In this
subsection, we demonstrate the change in frequency response
requirements from being determined by quasi-steady-state fre-
quency limit, to being driven by nadir frequency limit. Assuming
the inertia constant of Hg = 4.5s and an average generator load-
ing level of 80% of the maximum output, the present frequency
response requirement driven by quasi-steady-state frequency con-
straints (red in Figure 4) is compared with the nadir-driven
frequency response requirement (black). At present, given the
FIGURE 3 | Primary frequency response requirement under different system conditions.
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FIGURE 4 | Nadir (black) vs. quasi-steady-state (red) response requirement (Teng et al., 2015).
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largest plant rating of 1.32GW, frequency response requirement
driven by the quasi-steady-state frequency (red solid) is always
binding, as it is always above the frequency nadir-driven require-
ment (black solid). This justifies the present requirements of
frequency response described above. On the other hand, after
the 1.8GW nuclear plant is commissioned, the frequency nadir-
driven response requirement would dominate the overall require-
ment when the demand is lower than about 30GW in the system
without wind (dashed) or when the demand is lower than 45GW
in the system with 20GW of wind output (dotted). Under those
conditions, the present requirements may compromise the system
security.
The combined effect of high wind penetration and increased
size of generator loss can be very significant, especially at low
demand levels. While in the current conditions, the system would
need about 1.5GW of primary response to cope with a large
generator outage at the demand level of 30GW, with larger gen-
erator size and 20GW wind generation, this could increase to
almost 4GW. This increase is further exacerbated by the fact that
with low demand and high wind output, there will be far fewer
synchronously operating conventional generators that are capable
of delivering primary frequency response. As a result, it might
become necessary to maintain a certain number of synchronized
conventional generators even at the expense of curtailing wind
output in order to maintain the capability of the system tomanage
frequency oscillations within an acceptable range.
In addition to increased generator sizes, the future GB elec-
tricity system is also likely to see the expansion of the intercon-
nection capacity with the neighboring systems in order to deal
with intermittency of renewable output and enable amore efficient
system operation. At present, HVDC links do not enable the
contribution to GB system inertia from synchronous generators
in the neighboring systems (when GB is importing). The effect
of this will be similar to increased wind penetration, leading to
reduced system inertia and therefore potentially larger frequency
deviations at times when the GB system is importing electricity.
Benefits of DSR in Providing Frequency
Response Service in the Future GB System
In this section, we quantify the benefits of DSR in providing
frequency response services in future GB systems, taking into
account daily and seasonal changes in demand profiles. Sensitivity
studies are carried out to assess the impact of fast delivery of
frequency response and competing frequency response providers
on the value of DSR.
Methodology
The methodology for assessing the benefit of DSR is based on the
least-cost annual generation system scheduling approach, capable
of considering both the delivery of energy as well as the provision
of reserve and frequency regulation services. Generation schedul-
ing determines the commitment and dispatch decisions of gener-
ators in a power system considering the need for various types of
reserve and frequency response services. The cost minimization
is subject to various dynamic operating constraints, such as, e.g.,
start-up time. The value of DSR is quantified by the comparison of
the system operation cost with and without contribution of DSR
into frequency response provision. The resulting operating cost
savings are then expressed as the annual value per kilowatt of DSR
capacity, and then capitalized assuming the discount rate of 7%.
The advanced stochastic scheduling simulation tool (Teng et al.,
2015) is designed to provide optimized generation schedules in
the light of wind, demand, and generator outage uncertainties.
The model simultaneously schedules energy production, stand-
ing/spinning reserves, and inertia-dependent frequency response.
Wind realizations, wind forecast errors, and generator outages are
synthesized from models and fed into a scheduling tool, which
finds the optimal commitment and dispatch decisions given the
uncertainties and constraints. The decisions are found using a
scenario tree, which represents a discretization of the range of
outcomes of the stochastic variables (e.g., available wind output),
with each path through the tree representing a possible scenario.
A simplified scenario tree is shown in Figure 5 below.
A set of feasible control decisions is obtained for each node on
the tree, such that the expected total operating cost is minimized.
Because the actual realization will differ from all the scenarios in
the tree, the scheduling is performed using rolling planning, in
which only the here-and-now decisions are fixed, and all subse-
quent decisions discarded. For this reason, the full tree, extending
to 24 h ahead, must be solved at every time step. Operating reserve
requirements are endogenously optimized within the model.
This model directly incorporates as constraints the inertia-
dependent frequency response requirements from equations
(2–10). However, the relationship between the transient response
requirement and the capacity of synchronized generators (eq. 7)
is a bilinear function. Given that our scheduling model is based
on mixed integer linear programing formulation, it is necessary
to linearize the functional relationship between the response
requirement and the online capacity. This is done using three
linear segments, as illustrated in Figure 6.
The model is capable of considering a variety of providers of
frequency response services over short timescales from seconds to
tens of minutes. These can include both conventional generators
and alternative providers of frequency regulation, such as DSR.
Given that the model captures the loss in efficiency, i.e., the
increase in operating cost as the result of conventional gener-
ators providing frequency regulation, this modeling framework
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FIGURE 5 | Scenario tree for a stochastic variable.
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FIGURE 6 | Linearized functional relationship between primary
response requirement and capacity of online generators.
can be used to assess the value of alternative frequency response
providers by reducing the need for conventional plants to supply
these services. The resulting reduction in system operating cost is
used to assess the value of DSR.
Simulated Scenarios for the GB System
Two different approaches are considered with respect to schedul-
ing frequency response:
1. constant response requirements (without consideration of sys-
tem inertia reduction);
2. inertia-dependent response requirements.
With constant response requirements, the inertia reduction
driven by wind is not considered, and therefore frequency
response required in the system does not vary much from hour
to hour. This is similar to assuming that wind generation provides
the similar level of inertia as synchronous conventional genera-
tion. Inertia-dependent response requirement on the other hand is
quantified for each time interval in our study based on the level of
synchronized conventional capacity in that hour, while assuming
that no inertia is provided by wind generation. This approach
therefore results in significant variations in response requirements
across the day and between seasons of the year.
In addition to the above, several scenarios are considered with
respect to the volume of primary frequency response provided
by DSR:
1. primary response at the level of 1%of total demand at any given
time;
2. primary response at the level of 5%of total demand at any given
time;
3. primary response at the constant level of 1% of average demand
(385MW in 2020, 435MW in 2030);
4. primary response at the constant level of 5% of average demand
(1,923MW in 2020, 2,180MW in 2030).
Constant frequency response provision in scenarios 3 and 4 has
been constructed so as to reflect the levels of 1 and 5% of average
hourly demand on an annual basis. In contrast, in scenarios 1 and
2, the capability of DSR to provide frequency response varies from
hour to hour according to the variations in instantaneous system
demand.
Some previous studies inGB focused on the frequency response
provision from some particular type of demand, and therefore
assumed a limited maximum amount of frequency response con-
tribution. For example, the studies in Aunedi et al. (2013) and
Short et al. (2007) assumed the maximum frequency response
contribution of refrigeration devices to be around 700 and
1,320MW, respectively. As pointed out in both studies, the
improved parameters of refrigeration DSR as well as the contri-
bution from other types of demand (e.g., space and water heating)
could increase the maximum amount of frequency response con-
tribution from DSR. To further understand the market volume of
DSR in providing frequency response, this paper therefore inves-
tigates a wide range of available frequency response contribution
fromDSR. The assumption of 1% of demand (or 385MW in 2020,
435 in 2030) represents a conservative estimation of the available
amount of DSR in providing frequency response, which is used
to replace the most expensive resources of frequency response
provision and therefore provides the information about the max-
imum value of DSR. While the assumption of 5% of demand
(or 1923MW in 2020, 2180 in 2030) corresponds to more than
80% of the total frequency response requirement in the system,
which provides information about the total market volume and
the average value for DSR in providing frequency response.
Assumptions on generation and demand background for future
GB system have been based on the balanced EMR scenario ana-
lyzed by the Department of Energy and Climate Change (DECC)
(Redpoint Energy, 2010). The assumed generation capacity in the
GB system in 2020 and 2030 is presented in Figure 7. Generation
capacity in 2020 is about 92GW, of which some 20GW is wind
generation. Total installed capacity in 2030 is around 109GW, a
quarter of which is contributed by wind capacity. The penetration
of wind with respect to meeting annual electricity demand is 21
and 26% in 2020 and 2030, respectively. The inertia constant of
conventional generators is assumed to be 4.5s. Annual electricity
demand in 2020 is assumed at the level of 337 TWh, while in 2030,
this assumption is 381 TWh. Representative UK hourly profiles
are used for wind and demand fluctuations. By analyzing the value
in years 2020 and 2030, it is possible to broadly establish the
evolution of the potential benefits of deploying DSR for frequency
response across time.
Benefits of DSR in the GB System
In order to illustrate how the volumes of frequency response
services change with the introduction of frequency response pro-
vision from DSR, Figure 8 presents the breakdown of the fre-
quency regulation service provided by various generation, storage,
or DSR technologies. The breakdown is calculated based on the
scheduling decisions from the SUCmodel, and the annual contri-
bution of each component is presented as percentage of the total
amount of scheduled frequency response services; we note that
the average constant response requirement is 1.8GW, while for
inertia-dependent requirement, this is around 2.7GW.
In the constant response requirement case (Figure 8, left), stor-
age and CCGT units provide the frequency response in the base
case (i.e., without DSR), with the major part being contributed by
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FIGURE 7 | Generation capacity mix for the GB system in 2020 and 2030.
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FIGURE 8 | Composition of providers of frequency regulation for
different responsive demand scenarios (2030).
storage (around 1.5GW on average). Upon introducing DSR at
the level of 1% of system demand, the provision of response by
storage and CCGT drops. Increasing the DSR penetration to 5%
almost completely eliminates the need to use other providers of
frequency regulation.
In the inertia-dependent case (Figure 8, right), the system
needs to deploy coal generation (both conventional and CCS) in
order to provide sufficient levels of frequency response in the base
case. Part-loaded generationwill operate at reduced efficiency and
will hence incur additional fuel and carbon cost. This leads to the
conclusion that the provision of frequency response will be signif-
icantly more expensive in the case of inertia-dependent response
requirement. The addition of DSR in that context therefore yields
considerably higher benefits than with the fixed response require-
ment, We note that with 1% DSR penetration, the system still
needs to rely on coal units to provide some frequency response,
while it is only at 5% of DSR that the conventional generators can
be almost completely released fromproviding frequency response.
The economic value of DSR, calculated as described in the
Section “Methodology,” is presented in Figure 9. The value of
DSR is several times higher in the case of inertia-dependent
response requirement. This is valid across all four responsive
demand scenarios. We further note that the value of frequency
response provision per kilowatt of DSR capacity reduces as the
volume of DSR increases. In other words, there is a saturation
effect, where the first megawatts of DSR generate the highest
value for the system, while adding further DSR volume results
in lower benefits. Nevertheless, the value per kilowatt in the
inertia-dependent case is high for all scenarios, varying between
£2,500/kW and £4,500/kW in 2030, with the volume of the fre-
quency responsemarket exceeding 5GW. The value with constant
response requirement is lower (up to £1,000/kW), although still
significant. In both 1 and 5% cases, the values in 2020 are consider-
ably lower than in the 2030 system (roughly half of the 2030 value).
It should be noted, however, that the value in absolute terms is still
quite significant, especially in the inertia-dependent case.
In addition to economic benefits, the benefits of frequency
response provision fromDSRwill also be reflected in an improved
performance of the electricity system in terms of carbon emis-
sions. Based on the emission rate of each generation technology
(Aunedi et al., 2013) and the actual dispatch decision from SUC
model, the average system emission rate, or intensity, can be cal-
culated by dividing the total system emissions by the total system
demand. Figure 10 illustrates the impact of responsive demand
on grid CO2 emissions from the 2030 GB system for different
scenarios and for different approaches to response scheduling.
We note that the system CO2 emissions do not vary substan-
tially in the constant response requirement case, where DSR is
effectively displacing CCGT as the marginal frequency regulation
provider, resulting in grid emissions changing very little from the
level of around 86 g/kWh. Amarkedly different trend is observed
in the inertia-dependent requirement case, where due to the fact
that DSR is displacing coal generators in providing response, the
resulting emission reductions are substantial, reaching about 15%
in the case with 5% DSR.
We further observe that DSR will enhance the ability of the
system to accommodate wind generation and reduce the need to
curtail its output. Figure 11 shows how the necessary wind cur-
tailment in the 2030 GB system changes for different responsive
demand scenarios. The results are calculated by using the hourly
results for wind curtailment decisions from the SUC model. We
note that in the inertia-dependent case, the responsive demand
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FIGURE 9 | Value of DSR in the future GB system.
FIGURE 10 | CO2 intensity for different responsive demand scenarios.
has the capability to avoidmore than 5%of annually availablewind
energy being curtailed in order to balance the system. The levels
of avoidedwind curtailment are significantly higher in the inertia-
dependent case, given that the base case wind curtailment is also
higher. Reduction in the constant response requirement case is
well below 1% in all DSR scenarios.
Diurnal and Seasonal Value of DSR
Figure 12 further disaggregates the value of responsive demand
presented in Figure 9 into its components according to the season
of the year where this value is generated.
Wenote that for the constant response requirement, the value of
DSR tends to be the highest in autumn, which is driven by higher
wind output in that season. On the other hand, if the response
requirement is inertia-dependent, the value of DSR is the highest
in summer when low demand requires high volumes of frequency
response services. The value of DSR in both cases is the lowest in
winter due to high demand.
Similarly to seasonal values of DSR, it is also interesting to
breakdown the value across different times of day. The relevant
results for day and night periods are presented in Figure 13.
FIGURE 11 | Avoided wind curtailment as a result of deploying
responsive demand.
We note that with constant response requirement the value of
frequency responsive demand is slightly higher during daytime.
The reason is that during night, the storage is normally pumping,
which is sufficient to provide the bulk of the required response.
With inertia-dependent response requirement on the other hand,
the value of frequency responsive demand is much higher during
night-time, when the synchronized capacity is low due to lower
demand, thus requiring more frequency response.
Value of Provision of Instant Frequency
Response from DSR
In the case studies presented so far, it is assumed that DSR is
capable of providing primary frequency response, i.e., gradually
reducing demand as the frequency drops following a generator
outage, but in fact some DSR technology is capable to instantly
delivery frequency response. Due to the reduced system inertia
driven by integration of wind generation, faster delivery of fre-
quency response could significantly reduce the system operation
cost and wind curtailment (Teng et al., 2015). The instant delivery
of frequency response from DSR is modeled as the reduction of
the largest plant outage.
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FIGURE 12 | Value of responsive demand across seasons.
FIGURE 13 | Value of responsive demand across times of day.
The value of instant delivery is quantified in Figure 14, where
the value of the combined provision of conventional frequency
response (75% of frequency responsive demand) and instant
frequency response (25% of frequency responsive demand) is
compared to previous results from cases where only conven-
tional frequency response was provided by DSR. We note that
the provision of instant frequency response creates significant
additional benefits for the system. For instance, in the 2030 GB
system and for the case where 1% of demand participate in DSR,
the value increases the most, from £3,600/kW to £8,100/kW.
Considerable increases are observed in other cases as well. These
results suggest that the provision of instant frequency response
by DSR could be an important source of value for the system
and that the development of the necessary functionality of the
technology to provide it may be of great interest for future
research.
Impact of Competing Technologies on the Value
of DSR
In order to establish the competitiveness of frequency response
provision from DSR, the value of its service should be estimated
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FIGURE 14 | Value of simultaneous provision of conventional
frequency response and instant frequency response by DSR.
while also considering the contribution of other competing
technologies that can contribute to the delivery of frequency
response, including battery storage, interconnections, flexible
generation, inertia response from wind turbines, other storage
technologies, etc. Given that the size of the market for frequency
regulation services is expected to increase significantly, it can be
expected that a number of different providers may emerge and
compete for a part of the market share.
This section focuses on the value of frequency response pro-
vision from DSR in the presence of two competing technologies:
(i) battery storage and (ii) conventional generators with enhanced
flexibility.
Battery Storage
Energy storage is capable to perform energy arbitrage (Brad-
bury et al., 2014) and ancillary services (Strbac et al., 2012). In
particular, significant opportunity for battery storage is in the
provision of frequency response service (He et al., 2015), due
to the limited energy availability and life cycle degradation. By
displacing the frequency response provided by conventional gen-
erators, battery storage could increase the overall efficiency of
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FIGURE 15 | Impact of battery storage on the value of DSR.
system operation, enhance the ability of the system accommodate
renewable generation, and reduce carbon emissions as a result.
It may at the same time compete with the frequency response
provision from DSR.
Figure 15 illustrates the impact on the value of DSR from
competing battery storage. It has been assumed that 800MW of
frequency response from battery storage is continuously available
in the system. In most cases, the value of frequency response
provision fromDSR does not reduce by more than 20% compared
to the case without battery storage. However, in the case of 5%
DSR with constant requirement, the value of DSR is roughly
halved, indicating that the most favorable opportunities to dis-
place costly provision of frequency response from part-loaded
conventional generators have already been utilized by battery
storage.
Enhanced Flexibility of Conventional Generators
A number of parameters could be used to characterize the flexi-
bility of conventional generators (Teng et al., 2014), such as mini-
mum stable output, ramp rates, minimumup and down times, etc.
In this sub-section, we investigate the impact of enhanced capa-
bility of conventional generators to provide frequency response,
and assess the resulting impact on the value of frequency response
provision from DSR.
We introduce the response slope parameter, which is defined
as the ratio of the amount of primary frequency response that
a generator can provide and the reduction in generator output
needed to ensure the provision of that amount of frequency
response. This ratio is typically expressed as percentage. Given
that primary frequency response requires delivery within the time
windowof 10 s, not all of the available headroombetween constant
generator output and the maximum output can be provided in the
form of frequency response, resulting in response slope values of
<100%. Figure 16 illustrates the response providing capability of a
typical conventional generator. For instance, a 500MW generator
with a 40% slope (similar to today’s generator characteristics)
could provide 120MW of response if it reduces its output to its
minimum stable output level of 200MW. A generator of the same
size with an 80% slope on the other hand could provide 240MW
at the same power output level, i.e., twice as much as the 40%
generator.
FIGURE 16 | Provision of frequency regulation from conventional
generation.
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FIGURE 17 | Impact of the flexibility of conventional generators on the
value of DSR.
In our case studies, we assume two levels of response capability
for conventional generation:
 low-response capability (also used as base case in the previous
studies): 40% response slope;
 high-response capability: 80% response slope;
Low capability is chosen to be similar to the capabilities of
today’s generators, while the high capability case represents possi-
ble improvements in generation control resulting in the ability to
provide more response at the same generation output. Given the
expected increase in the volume of frequency response services
in the future low-carbon GB system, as well as the escalating cost
of providing these services, the high response capability might
become an attractive proposition from the plant developer and
operator perspective.
The value of frequency responsive demand is assessed in the
presence of high-response capability generation. The results of the
annual studies are presented in Figure 17 and compared against
the case with low-response capability generation.
We note that high response capability of conventional genera-
tors eliminates about a third of the value generated by frequency
responsive demand, and this reduction is fairly robust across
the responsive demand scenarios and for different approaches to
frequency regulation scheduling. A significant part of the value of
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responsive demand, however, remains even when highly flexible
generators are deployed. Although flexible generators can provide
more response for the same operating headroom, this response
still comes at the cost of reduced operational efficiency, i.e., higher
fuel and carbon cost, which still leaves significant scope for the
provision of frequency regulation by DSR.
Discussion and Conclusion
This paper presented the case studies aimed at quantifying
the frequency response requirements and the value of DSR in
supporting frequency response in the GB low-carbon electricity
system in 2020 and 2030. The results suggest that frequency
response requirements could increase dramatically due to the
integration of wind generation, and the contribution of DSR in
the provision of frequency response could provide significant
benefits to the system.
The value of DSR for frequency response is much higher in
the case where the impact of reduced system inertia on the
requirements for frequency response is recognized. The value of
DSR is the highest in summer, when low electricity demand in
conjunction with lower system inertia requires high volumes of
frequency regulation services, while it is the lowest in winter due
to high demand. Similarly, the value of DSR ismuch higher during
the night, when the volume of synchronized capacity is generally
low. These findings suggest that it may be particularly valuable
to pursue those potentially flexible demand categories that would
allow greater controllability during summer or night time. The
analysis presented in this paper also shows that significant addi-
tional value could be provided to the future GB system if the DSR
is capable of delivering instant frequency response in reaction to
a fast decline in system frequency.
Competing technologies that can also provide frequency reg-
ulation, such as battery storage and (more) flexible conventional
generators, were found to reduce the value of DSR. This reduc-
tion varied between 15 and 35% in the great majority of our
sensitivity studies, still leaving significant scope for sourcing
frequency response services from DSR in order to facilitate a
more cost-efficient operation of the future low-carbon electricity
system.
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